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Abstract:   
Recently there have occurred the Manyi-Kangding earthquake sequence, including 
the 1997 Manyi, 2001 Kokoxili, 2008 Yutian, 2008 Wenchuan, 2010 Yushu, 2013 
Lushan, 2014 Yutian and 2014 Kangding earthquakes, along the periphery of the 
Bayan Har block on the northern Tibetan Plateau. We employ the Coulomb failure 
model to probe the stress triggering effects on this sequence in terms of coseismic, 
postseismic and interseismic Coulomb stress changes. We examine the Coulomb 
stress changes from both the Manyi-Kangding sequence and other large earthquakes 
from 1411 to 2012 around the Bayan Har block and interseismic tectonic stressing. 
We use a stratified spherical postseismic relaxation model to compute postseismic 
Coulomb stress changes. We develop an explicit spherical least-squares collocation 
model to calculate interseismic Coulomb stress changes. Our results indicate that 
when merely considering triggering effects because of earthquakes from the 
Manyi-Kangding sequence, the compounded Coulomb stress changes of the 
coseismic and postseismic Coulomb stress changes are generally insignificant, except 
for the 2013 Lushan earthquake (0.14 bars). This general insignificance of Coulomb 
stress changes imparted by the Manyi-Kangding sequence agrees with previous 
studies, although interseismic Coulomb stress changes always load each hypocenter. 
On the other hand, when surrounding prior M≥6.0 earthquakes are considered, we 
found that the compounded Coulomb stress changes become significant, ranging from 
0.14 to 10.4 bars according to the constant apparent friction Coulomb failure model 
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with an intermediate coefficient of 0.4. Therefore, all eight earthquakes are well 
explained by Coulomb stress changes when thoroughly considering large earthquakes 
around the Bayan Har block. Our findings indicate the importance of considering a 
broader group of neighboring large earthquakes for Coulomb stress analysis. 
 
Keywords: coseismic Coulomb stress; postseismic Coulomb stress; interseismic 
Coulomb stress; least-squares collocation; viscoelastic relaxation 
 
1. Introduction  
Since the occurrence of the 1997 Mw 7.6 Manyi earthquake to the southwest of 
the Kunlun fault in northern Tibet, multiple strong earthquakes have sequentially 
occurred along the periphery of the Bayan Har block on the northern Tibetan Plateau, 
such as the 2001 Mw 7.8 Kokoxili, 2008 Mw 7.1 Yutian, 2008 Mw 7.9 Wenhcuan, 
2010 Mw 6.8 Yushu, 2013 Mw 6.6 Lushan, 2014 Mw 6.9 Yutian and 2014 Mw 6.1 
Kangding earthquakes (Fig. 1), hereinafter termed the Manyi-Kangding sequence.  
We study the Coulomb stress triggering effects for this earthquake sequence by 
using the Coulomb failure model. This model quantitatively delineates the Coulomb 
stress change on an earthquake fault plane (the so-called receiver fault) along a 
predefined slip direction as imparted by a seismogenic fault (the so-called source 
fault). The basic philosophy of the Coulomb failure model is that positive Coulomb 
stress change promotes an earthquake to occur, whereas negative Coulomb stress 
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change inhibits its occurrence (Harris et al., 1998; Stein, 1999; King et al., 1994, 2007; 
Steacy et al., 2005; Freed et al., 2005).  
Since the 1990s, the Coulomb failure model has been pervasively used to study 
fault interactions, earthquake stress triggering and stress evolution in numerous 
tectonic regions, such as the San Andreas fault system in California (e.g., King et al., 
1994; Freed and Lin, 2001; McCloskey et al., 2003; Toda and Stein, 2015), the 
Anatolia fault system (Turkey) (e.g., Stein et al., 1997; Nalbant et al., 1998; 
Hubert-Ferrari et al., 2000; Parsons et al., 2000), subduction zones along Costa Rica 
(e.g, Bilek and Lithgow-Bertelloni, 2005), the Sunda Trench in Sumatra (e.g., 
McCloskey et al., 2005; Nalbant et al., 2005b, 2013; Fan and Shearer, 2016), 
Hikurangi (New Zealand) (e.g., Hamling and Wallace, 2015), the West Philippine 
Basin (e.g., Lin and Lin, 2015), northern Chile (e.g., Cortés-Aranda et al., 2015), the 
Alaska-Aleutian arc (e.g., Macpherson and Ruppert, 2015), the North Qaidam thrust 
system in Tibet (e.g., Elliott et al., 2011), and the fold-and-thrust belt of the 
Longmenshan region along the northeastern margins of the Tibetan Plateau (e.g., 
Parsons et al., 2008; Toda et al., 2008; Shan et al., 2009; Luo and Liu, 2010; Wan and 
Shen, 2010; Xu et al., 2010; Nalbant and McCloskey, 2011; Wang et al., 2014a; Shao 
et al., 2016). 
Investigations of Coulomb stress changes because of some portions of the 
Manyi-Kangding sequence have also been conducted. For instance, the 2008 Mw 7.9 
Wenchuan earthquake was extensively studied from the aspects of (1) 
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mainshockaftershocks triggering (e.g., Xu et al., 2010; Wang et al., 2014b), (2) fault 
interactions (e.g., Parsons et al., 2008; Nalbant and McCloskey, 2011), (3) the 
likelihood of future earthquake hazards (e.g., Parsons et al., 2008; Toda et al., 2008; 
Nalbant and McCloskey, 2011; Shao et al., 2016), (4) reservoir-impoundment 
triggering (e.g., Tao et al., 2015), and (5) stress triggering among earthquakes with 
respect to coseismic and postseismic Coulomb stress changes (e.g., Nalbant and 
McCloskey, 2011; Parsons and Segou, 2014). 
Specifically, Cheng et al. (2011) studied the coseismic and postseismic Coulomb 
stress changes for the 1997 Manyi, 2001 Kokoxili, 2008 Wenchuan and 2010 Yushu 
earthquakes. Jia et al. (2012) also explored these two types of Coulomb stress changes 
but focused on the 2001 Kokoxili, 2008 Yutian, 2008 Wenchuan and 2010 Yushu 
earthquakes. Neither of these studies examined the effects of Coulomb stress changes 
from surrounding earthquakes on the above hypocenters. 
 Similarly, except for a few case studies (e.g., Luo and Liu, 2010; Nalbant and 
McCloskey, 2011; Shan et al., 2013; Shao et al., 2016), almost all other previous 
studies on Coulomb stress changes in this tectonic region have ignored the influence 
of surrounding earthquakes on modifying the degree of Coulomb stress changes at 
each hypocenter of the Manyi-Kangding sequence. Instead, only a limited number of 
earthquakes were examined. However, ignoring nearby large earthquakes would lead 
to contrary conclusions regarding Coulomb stress triggering. For example, some 
researchers claimed that the 2008 Mw 7.9 Wenchuan earthquake co-seismically 
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loaded the southeastern segment of the neighboring Xianshuihe fault, thus increasing 
the likelihood of potential earthquakes there (e.g., Parsons et al., 2008; Toda et al., 
2008). On the contrary, Luo and Liu (2010) argued that this segment still remained 
unloaded when considering the compounded contribution of Coulomb stress changes 
from six large earthquakes from 1893 to 1981 along that segment. 
Another example involves the 2003 Mw 6.4 Bingol earthquake (Turkey). 
Milkereit et al. (2004) claimed that this earthquake was brought closer to failure 
because of prior events, whereas Nalbant et al. (2005a) argued that this earthquake 
was unlikely to have been triggered by previous events. This discrepancy is attributed 
to different treatments: The former study explored an earthquake sequence since 1874 
and thus did not consider the nearby 1866 Ms 7.2 earthquake on the Bingol-Karliova 
segment of the East Anatolian Fault Zone (Turkey). In contrast, the latter study 
examined a longer earthquake sequence since 1822 including the 1866 Ms 7.2 
earthquake. Coulomb stress calculations showed that this nearby earthquake cast a 
strong enough stress shadow at the 2003 earthquake hypocenter, thereby ultimately 
postponing rather than triggering the occurrence of the latter event. Accordingly, 
Considering large surrounding earthquakes is beneficial to comprehensively 
understand Coulomb stress changes both on major faults and at earthquake 
hypocenters. 
Therefore, we study the overall Coulomb stress triggering effects for the longer 
recent Manyi-Kangding sequence with respect to coseismic, postseismic and 
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interseismic Coulomb stress changes. We explore the triggering effect on the 
earthquakes of this longer sequence from the earthquakes within the same sequence 
and examine the triggering effect from other surrounding prior large earthquakes. 
This systematical, longer earthquake sequence analysis, which differs from merely 
analyzing triggering effects for a few earthquakes, as previous studies have been done, 
should allow us to determine which recent earthquakes can be explained by 
compounded Coulomb stress changes from coseismic and postseismic Coulomb stress 
changes. 
We use slip models of the Manyi-Kangding sequence to resolve changes in the 
earthquake stress tensors at each hypocenter and project these stress tensors onto the 
focal planes of the same sequence. We develop an explicit spherical least-squares 
collocation model to compute interseismic Coulomb stress changes. We employ a 
spherical stratified viscoelastic relaxation model to calculate postseismic Coulomb 
stress changes. We find that all eight earthquakes of the Manyi-Kangding sequence 
can be well explained by the compounded Coulomb stress changes when surrounding 
earthquakes are considered, rather than merely the Manyi-Kangding sequence. 
2. Data: source faults and receiver faults 
Both source faults and receiver faults must be predefined to compute Coulomb 
stress changes. Our focus is on the Coulomb stress changes in the Manyi-Kangding 
sequence, so we first choose each earthquake of this sequence as a receiver fault and 
its preceding earthquakes in the same sequence as source faults to explore triggering 
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effects among this strong earthquake sequence. We term the stress triggering within 
this earthquake sequence as internal stress triggering. For this internal stress 
triggering analysis, we adopt distributed-slip models of this earthquake sequence from 
various literature including Funning et al. (2007), Lasserre et al. (2005), Elliott et al. 
(2010), Hashimoto et al. (2010), Li et al. (2011), Jiang et al. (2014a), Zhang et al. 
(2014), and Jiang et al. (2015a). These slip models (Figures S1 to S8) are related to 
source faults and are inverted based on geodetic data, including Interferometric 
Synthetic Aperture Radar (InSAR) images, Global Navigation Satellite System 
(GNSS) crustal deformations and/or seismic waveforms. For the receiver faults, we 
use the focal planes that have the closest fault-plane orientations to these source faults 
from the global CMT catalog (Table 1).  
Other earthquakes around the Bayan Har block may have also altered the stress 
states at each hypocenter of the earthquake sequence to some extent, so we also 
explore the Coulomb stress changes from these surrounding earthquakes at each 
hypocenter of the aforementioned earthquake sequence. We term the stress triggering 
from these large surrounding earthquakes at each hypocenter as external stress 
triggering. This external stress triggering has seldom been analyzed to our knowledge. 
For this analysis, we regard the surrounding earthquakes as source faults and each 
earthquake of the Manyi-Kangding sequence as a receiver fault. The receiver faults 
are the same as those for the internal stress triggering analysis. The source faults, on 
the other hand, should be specially treated. 
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We first analyze the global CMT (gCMT) catalog from 1976/1/1 to 2014/11/22 
(Table S1) to examine which earthquake events more prominently affect the Coulomb 
stress changes at each hypocenter of the Manyi-Kangding sequence. We use the 
‘MoPaD’ software (Krieger and Heimann, 2014) to determine the focal planes and 
seismic moments of the selected gCMT events. We then compute the amount of slip 
dislocation for each event by using the relationship between the scalar seismic 
moment and coseismic slip dislocation (Aki, 1966) and by assuming that the fault 
length and width of each event equal 1 km. Thus we can produce each source fault 
that is analogous to a point source. We then resolve the accumulated coseismic 
Coulomb stress changes onto a prescribed receiver plane to probe which events 
produce greater Coulomb stress changes and thereby possess larger effective 
triggering ranges (Figure 2).  
    Figure 2 indicates that only some events can create relatively large Coulomb 
stress changes within certain relatively large distances. The one-to-one Coulomb 
stress changes that are associated with these gCMT events are presented in Table S2. 
After quantitatively scrutinizing the Coulomb stress changes, some events other than 
those from the Manyi-Kangding sequence imparted no larger than 0.04 bars of 
Coulomb stress changes, although these relative significant events created large 
Coulomb stress changes compared to the other events. These relative significant 
events are the 1976 Mw 6.7, 1976 Mw 6.4, 1981 Mw 6.5, 1986 Mw 6.4, 1989 Mw 6.2, 
1996 Mw 6.9, 2007 Mw 6.1 and 2012 Mw 6.3 earthquakes, which are marked by the 
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numbers 1, 3, 10, 17, 24, 36, 50, and 67 in Figure 2, respectively. Each of these events 
is close to one large earthquake from the Manyi-Kangding sequence. Although their 
coseismic triggering effects are still not quite significant, these events may have 
imparted certain pronounced postseismic Coulomb stress changes, so we incorporate 
these events into the input dataset of source faults for the external stress triggering 
analysis.  
In addition to the aforementioned events, we consider surrounding prior M≥6.0 
earthquakes. The fault parameters of some of these earthquakes are from previous 
literature that examined Coulomb stress transfer along some major active faults in 
northeastern Tibet, while those of other source faults that are associated with fault 
geometries and slip senses are estimated by using empirical relationships of Wells and 
Coppersmith (1994) and Hanks and Kanamori (1979) (Table S3). After performing 
the above treatments, we collect 70 events that span from 1411 to 2012 with 
magnitudes M≥6.0 (Table S3), which are regarded as the source faults for the 
external stress triggering analysis (Figure 3). 
3. Methodology  
3.1 Spherical least-squares collocation strain rate model 
We employ the spherical least-squares collocation strain rate model to compute 
the tectonic loading stress rate and to further calculate interseismic Coulomb stress 
changes by using the Coulomb failure criterion and by assuming the 1997 Mw 7.6 
Manyi earthquake to be a zero-stress-baseline. 
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    In essence, the key ingredient of least-squares collocation is how to determine 
the empirical covariance function. If this function is acquired, then the velocity at any 
point can be computed from the empirical covariance function, which relates the 
observation points to any other interpolated points. We here briefly introduce the 
basic formulae of least-squares collocation, with additional details in the 
supplementary material. 
The observation equation of least-squares collocation is as follows (Jiang et al., 
2010) 
   2 1
2 3 3 1 2 22 1 2 2 2 1
2 1
N
N N NN N M N
M
s
V A I O n
s

    

 
   
 
 
 (1) 
 
where 
2 1N
V

is the crustal velocity and  1 1 2 2
2 1
T
N N
e n e n e n
N
V V V V V V V

  ; 
i
eV  and 
i
nV  are the eastern and northern velocities at the 
thi  observation station, 
respectively; A  denotes the rigid Euler’s motion of crust; 
 1 2
T
NA A A A  ; 1,2,
sin cos sin sin cos
sin cos 0
i i i i iT
i i N
i i
A r
    
 
  
  
 
   
( r is the Earth’s radius and i  and i  are the latitude and longitude of the 
thi   
observation station on the Earth’s surface);  
T
x y z     is the Euler’s 
rotation vector; 
2 2N N
I

 is the unitary matrix; 
2 2N M
O

 is the zero-matrix; 
2 1N
s

 is the 
signal at the observation stations; 
2 1M
s

  is the signal at any other points; and 
2 1N
n

 is 
the observation error. The optimal estimation of the signal 
2 1M
s

  can be written as 
follows (Jiang et al., 2010)： 
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where 
2 2
ss
N N
C

 and 
2 2
nn
N N
C

 are the covariance matrix of the signal and covariance 
matrix of noise, respectively;  
2 2
ss ij
N N
C C

 , where 2 20 exp( )ij ijC C b d  ; ijd  is the 
spherical distance between the thi  and 
thj  stations; and 
2 2
s s
M N
C 

 is the covariance 
matrix that relates signal 
2 1M
s

  to signal 
2 1N
s

, both of which have the same form as
2 2
0 exp( )ij ijC C b d  . We constrain these two unknowns using the 1999 to 2007 GPS 
velocity field in western China (Wu et al., 2015) after removing the rigid Euler’s 
motion, which produces 2
0 26.601162C mm yr    and 
10.001837b km  , 
respectively (Fig. S9). 
   After determining the signal 
2 1M
s

  at any interpolated points with equation (2), 
the strain rate tensor can be directly calculated by performing spatial partial 
derivatives for the signal 
2 1M
s

  with the following formulae:  
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 (3) 
where  ,   and   are the northern and eastern normal strain rates and shear 
strain rate, respectively; ru , u  and u  are the radial, eastern and northern 
velocity components, respectively; and r ,  , and   are the Earth’s radius, 
latitude and longitude for a point on the Earth’s surface, respectively. 
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Although previous studies that computed interseismic Coulomb stress changes 
either used virtual-negative-slip models (e.g., Deng and Sykes, 1997; Papadimitriou et 
al., 2004; Paradisopoulou et al., 2007; Ali et al., 2008; Shao et al., 2016) or deep-slip 
models (e.g., Stein et al., 1997; Hubert-Ferrariet al., 2000; Shan et al., 2013), both 
models require either slip deficit rates on the shallower locked portions of a fault or 
secular slip rates on the deeper sliding portions of the fault. These parameters, 
however, are commonly constrained by using uniform segment-by-segment 
intersesimic slip rates for major faults (e.g., Meade, 2007). Such uniform slip rates 
would smooth interseismic Coulomb stress changes in the vicinity of major faults, 
which probably confounds Coulomb stress triggering analysis for nearby major faults. 
In addition, additional uncertainties in fault geometries which are required to resolve 
interseismic Coulomb stress changes would make compounded Coulomb stress 
changes more uncertain. 
Least-squares collocation, on the other hand, requires no slip rate or fault 
geometry information but merely the crustal deformation velocity field. Previous 
studies have presented the robustness and applicability of this method for resolving 
crustal strain rate fields compared to other interpolation methods (e.g., Jiang et al., 
2010; Wu et al., 2011). 
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Least-squares collocation was first suggested by Krarup (1968) and then clarified 
and popularized by Moriz (1980) in the field of physical geodesy to study gravity 
fields in the 1960s. In the 1990s, this method was introduced into the field of tectonic 
geodesy to study crustal deformation (e.g., El-Fiky et al., 1997). Recently, Jiang et al. 
(2014b) estimated the tectonic stress rates of major active strike-slip faults on the 
Tibetan Plateau with this method. Wu et al. (2015) applied this method to study 
crustal deformation that was associated with the 2008 Mw 7.9 Wenchuan earthquake. 
Based on the rationale of this method, we develop an explicit spherical least-squares 
collocation model (supplementary material: part C) and then use this method to 
estimate the interseismic Coulomb stressing rate at each hypocenter of the 
Manyi-Kangding sequence. 
3.2 Coulomb failure model 
The Coulomb failure model delineates changes in the resultant stress that are 
associated with the shear stress and friction along a prescribed slip direction on a 
given receiver fault plane. The Coulomb failure model can be written as follows 
(King et al., 1994; Stein, 1999): 
 ( )nCFF P          (4) 
where  , n  and P  are the changes in the shear stress (positive along slip 
direction), normal stress (positive for unclamping) and pore-pressure, respectively; 
  is the friction coefficient of the receiver fault plane; ( )
3
B
P tr     ; B  is the 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 15 
Skempton’s coefficient; and ( )tr   is the trace of the change in the stress tensor 
induced by earthquake faulting or volcanic eruptions. 
( )tr   is commonly assumed to be ( ) 3 ntr      to implicitly incorporate 
the pore pressure into the Coulomb failure model (Cocco and Rice, 2002). Thus, a 
simplified Coulomb failure model is as follows: 
 nCFF         (5) 
where   and n  are the same as in equation (4); and   is the apparent 
friction coefficient, which is (1 )B    . 
Equation (4) degenerates into equation (5) when setting the Skempton’s 
coefficient B  to be zero and when replacing the friction coefficient   with the 
apparent friction coefficient   in equation (4), so we present the explicit form of 
the Coulomb failure model based on equation (4) as follows (Xu et al., 2010; Wang 
et al., 2014b): 
2 11 12 13 2 22
23 33 11 12
13
1 1 1
sin [ sin sin(2 ) sin(2 )sin(2 ) sin cos(2 ) cos sin(2 )
2 2 2
1 1
cos cos(2 ) sin(2 ) ] cos [ sin(2 )sin cos(2 )sin
2 2
1
cos cos sin(2 )si
2
CFF             
         
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  22 23 2 2 11 2 12
13 2 2 22 23 2 33 11 22 33
n sin cos ] [sin sin sin(2 )sin
sin sin(2 ) cos sin cos sin(2 ) cos ( )]
3
B
       
           
  
      
  (6) 
where { , {1,2,3}}ij i j   are the six independent components of the second-order 
stress tensor in a local Cartesian coordinate system whose x, y and z axes correspond 
to the northern, eastern and upward directions, respectively;  ,   and   are the 
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strike, dip and rake angles of the receiver fault plane, respectively;   is the friction 
coefficient; and B  is the Skempton’s coefficient. We choose 0.4   to compute 
the Coulomb stress change, which is commonly used to minimize the uncertainty in 
the apparent friction coefficient (e.g., King et al., 1994; Avouac et al., 2014; Green et 
al., 2015). 
3.3 Stratified Earth model 
A stratified Earth model that is associated with the rheological parameters for 
each of the Earth’s layers must be predefined to compute postseismic Coulomb stress 
changes from viscoelastic relaxation in the lower crust and upper mantle after strong 
earthquakes. This model is created using equation (6) and the source code ‘VISCO1D’ 
(Pollitz, 1992). Some workers have investigated such parameters on the Tibetan 
Plateau and its margins. For instance, Ryder et al. (2007) interpreted a ~4-years 
postseismic deformation field from InSAR observations of the 1997 Mw 7.6 Manyi 
earthquake (Tibet) by using a two-layered half-space Earth model with a standard 
linear solid rheology beneath a 15-km-thick elastic layer. The standard linear solid 
consisted of an elastic element in series with a Kelvin element, which further 
consisted of an elastic element and a viscous element in parallel. Their optimal 
rheological parameters of the standard linear solid were 24 GPa  and 
184.0 10 Pa s    for the shear modulus and rheology of the Kelvin element, 
respectively, and 50 GPa  for the shear modulus of the additional elastic element. 
Ryder et al. (2011) also modeled the postseismic deformation fields of the first-year 
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GPS time series and two to five subsequent InSAR datasets following the 2001 
Kokoxili earthquake by using a rheological model with a Burgers rheological body 
beneath an uppermost pure elastic crustal layer. The Burgers rheological body 
consisted of a Kelvin element in series with a Maxwell element that further possessed 
an elastic element and a viscous element in series. Their preferred rheological 
parameters of the Burgers rheological body were 179.0 10 Pa s    for the transient 
rheology of the Kelvin element and 191.0 10 Pa s    for the long-term rheology of the 
Maxwell element. As the authors indicated, such a Burgers rheological body was also 
applicable to the postseismic deformation field following the 1997 Manyi earthquake 
after only modifying the transient rheology to 175.0 10 Pa s   .  
In terms of the crustal thickness associated with the Bayan Har block, Wang et al. 
(2007) inverted two profiles of deep seismic soundings through the eastern margin of 
the Tibetan Plateau and found that the crustal thicknesses of the western Sichuan 
plateau was 62 km. Xu et al. (2014) investigated a passive source seismic profile 
across the eastern Kunlun Mountain by using the techniques of receiver function 
imaging and H-k stacking and determined that the crustal thickness decreased from 
approximately 64 km in the Sonpan-Ganzi terrane to approximately 56 ~ 62 km in the 
Qaidam-Kunlun block and Qilian block. 
By considering the aforementioned rheological model and crustal thickness, we 
constructed a stratified Earth model by using Crust 2.0 (Bassinet al., 2000) as follows. 
The Earth model consists of three layers: (1) a pure elastic upper crust with a 
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thickness of 28 km, which is thick enough to accommodate the deepest lower edges of 
most of the distributed-slip models of these strong earthquakes; (2) a viscous lower 
crust with a Burgers body with a thickness of 37 km; and (3) a viscous upper mantle 
with a Maxwell body. The transient and steady-state viscosities of the Burgers body 
are 177.0 10 Pa s    and 191.0 10 Pa s   , respectively. The viscosity of the Maxwell 
body is 201.0 10 Pa s    (Nalbant and McCloskey, 2011). The shear modulus, bulk 
modulus and density for each layer are derived from Crust 2.0 by averaging the P and 
S wave velocities and density throughout the entire depth range that corresponds to 
each hypocenter of these strong earthquakes (Fig.4) 
3.3 Coulomb stress analysis scheme  
We first examine the internal triggering effects on each earthquake of the 
Manyi-Kangding sequence by preceding earthquakes from the same sequence in 
terms of coseismic, postseismic and interseismic Coulomb stress changes. Then, we 
probe the external triggering effects on the same earthquake sequence from large 
surrounding earthquakes. These methods allow us to better understand the stress 
transfer on each hypocenter of the earthquake sequence.
4. Results 
4.1 Internal stress triggering  
4.1.1 Coseismic Coulomb stress changes 
Fig. 5 shows the coseismic Coulomb stress triggering effects on the 
Manyi-Kangding sequence. Five out of seven earthquakes lay in the stress triggering 
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zones, where the Coulomb stress changes are positive, which include the 2001 
Kokoxili, 2008 Wenchuan, 2013 Lushan, 2014 Yutian and 2014 Kangding 
earthquakes. Thus, these five mainshocks were promoted by their corresponding 
preceding mainshocks through coseismic Coulomb stress transfer. On the contrary, 
the remaining two earthquakes, including the 2008 Yutian and 2010 Yushu 
earthquakes, were in stress shadows, where the Coulomb stress changes are negative, 
which indicates that these events were inhibited to failure. When scrutinizing each 
snapshot, only the 2013 Lushan earthquake was prominently promoted by the 
preceding earthquakes. This unique promotion characteristic can be explained by its 
closeness to the hypocenter of the 2008 Wenchuan earthquake, which predominantly 
controlled the occurrence of the 2013 Lushan earthquake, thus strongly influencing 
the nearby 2013 Lushan earthquake. 
We calculated the coseismic Coulomb stress change at the hypocenter of each 
targeted mainshock as shown in Table 2 to quantitatively investigate the coseismic 
triggering effects among this strong earthquake sequence. The coseismic Coulomb 
stress change for each targeted mainshock ranged from –0.02 to 0.09 bars. The 2013 
Lushan earthquake received the largest coseismic Coulomb stress change, 
approximately 0.088 bars from the 2008 Wenchuan earthquake. The overall coseismic 
Coulomb stress change that was imparted by previous strong earthquakes was merely 
0.089 bars, which again quantitatively indicates that the 2008 Wenchuan earthquake 
played a much more important role in promoting the 2013 Lushan earthquake. In 
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addition, the 2014 Kangding earthquake was primarily influenced by the 2008 
Wenchuan earthquake, with a coseismic Coulomb stress change of ~0.035 bars.  
The coseismic stress changes from earthquakes in the Manyi-Kangding sequence 
at each hypocenter were generally insignificant (Table 2), primarily because of long 
separation distances for most pairs of hypocenters and the intrinsic fast decaying rates 
of coseismic Coulomb stress changes (Kilb et al., 2002; Toda et al., 2012). 
Postseismic Coulomb stress changes from preceding earthquakes, on the other hand, 
perhaps contributed much more at the hypocenter of a subsequent mainshock. For 
instance, some studies of the classical earthquake pair of the 1992 Lander and 1999 
Hector Mine earthquakes showed 1 to 2 bars of postseismic Coulomb stress change at 
the hypocenter of the latter (e.g., Freed and Lin, 2001; Zeng, 2001). In the following 
subsection, we test whether postseismic Coulomb stress changes from the 
Manyi-Kangding sequence were also significant. 
4.1.2 Postseismic Coulomb stress change 
Fig. 6 shows the postseismic Coulomb stress changes for each mainshock that 
was caused by its preceding mainshocks. Three out of seven mainshocks fell within 
stress shadows, including the 2001 Kokoxili, 2008 Yutian and 2010 Yushu 
earthquakes. Although the other mainshocks, including the 2008 Wenchuan, 2013 
Lushan, 2014 Yutian and 2014 Kangding earthquakes, were in stress triggering zones, 
the magnitudes of the positive postseismic Coulomb stress changes at their 
hypocenters were too small to confidently claim that these mainshocks were brought 
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closer to failure because of postseismic relaxation of the lower crust and upper mantle 
from their preceding mainshocks. Similar to the case of the coseismic Coulomb stress 
changes, the 2013 Lushan earthquake received the largest accumulated postseismic 
Coulomb stress change, approximately 0.05 bars; The 2008 Wenchuan earthquake 
contributed the most to the postseismic Coulomb stress accumulation (Table 3). On 
the other hand, the postseismic Coulomb stress changes at the other hypocenters were 
one order of magnitude smaller than that at the 2013 Lushan earthquake. 
4.1.3 Interseismic Coulomb stress change 
Fig. 7 shows the interseismic Coulomb stress changes due to tectonic loading. 
Compared to the spatial patterns of the coseismic and postseismic Coulomb stress 
changes (Figs. 5 and 6), the interseismic Coulomb stress changes were much more 
intensive and all the mainshocks lay in stress triggering zones. The interseismic 
Coulomb stress changes were linearly proportional to the interseismic stress-loading 
rate, so the interseismic Coulomb stress changes linearly increased with time from the 
zero-stress-baseline. Thus, the spatial pattern of the interseismic Coulomb stress 
changes for each snapshot in Fig. 7 should be further intensified when the increment 
of time is not presumed to be relative to the 1997 Manyi earthquake but rather to a 
certain time before this earthquake. Accordingly, Fig.7 merely presents conservative 
patterns of the interseismic Coulomb stress changes. Nevertheless, all these 
mainshocks were encouraged by interseismic Coulomb stress changes; notably, the 
2010 Yushu and 2014 Kangding earthquakes were both brought much closer to failure 
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(Table 4). 
4.1.4 Net Coulomb stress change 
    We also computed the overall Coulomb stress changes to explore the combined 
effect of the coseismic, postseismic and interseismic Coulomb stress changes (Fig. 8). 
When comparing Fig. 8 and Fig. 7, the general patterns for each corresponding 
snapshots are similar, except for those regions where strong earthquakes occurred. In 
these local regions, the coseismic and postseismic Coulomb stress changes altered the 
spatial pattern of the interseismic Coulomb stress changes. Nevertheless, all the strong 
earthquakes lay in stress triggering zones, which agrees with the quantitative results 
(Table 4) of the compounded Coulomb stress changes that were associated with 
coseismic, postseismic and interseismic Coulomb stress changes for the earthquake 
sequence. 
Except for the 2013 Lushan earthquake for which the combined coseismic and 
postseismic Coulomb stress changes were double those of the interseismic Coulomb 
stress changes, the other remaining earthquakes exhibited larger interseismic 
Coulomb stress changes than the combined coseismic and postseismic Coulomb stress 
changes (Table 4). In addition, four earthquakes, namely, the 2010 Yushu, 2013 
Lushan, 2014 Yutian and 2014 Kangding earthquakes, increased by more than 0.11 
bars, while the 2001 Kokoxili and 2008 Yutian and 2008 Wenchuan earthquakes 
exhibited positive Coulomb stress changes that were larger than 0.03 bars. 
4.2 External stress triggering 
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In this subsection, we investigate the coseismic and postseismic stress triggering 
effects on the Manyi-Kangding sequence from surrounding earthquakes from 1411 to 
2012. This investigation is very important because both prior large earthquakes from 
the Manyi-Kangding sequence and large surrounding earthquakes may have modified 
the stress states at each hypocenter.  
    Fig. 9 shows the coseismic Coulomb stress changes that were resolved on the 
fault plane of each earthquake from prior large surrounding earthquakes. All eight 
earthquakes lay in stress triggering zones with positive Coulomb stress changes, 
which indicates that these events were promoted to some extent. Comparing Fig. 9 
and Fig. 5 shows that the spatial patterns of the Coulomb stress changes have become 
much more heterogeneous and intensive. These significant differences indicate that 
the coseismic Coulomb stress changes from large surrounding earthquakes could have 
been both intensified and canceled out in various regions, creating quite different 
values of Coulomb stress changes than those from the Manyi-Kangding with a few 
earthquakes.  
Fig. 10 shows the accumulative postseismic Coulomb stress changes from large 
surrounding earthquakes. The postseismic Coulomb stress changes were also 
significant compared to the snapshots in Fig. 6. In this case, all the earthquakes lay in 
stress triggering zones with positive Coulomb stress changes, except for the 2008 
Wenchuan earthquake. This earthquake exhibited a postseismic Coulomb stress 
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change of –0.03 bars, while all the other earthquakes exhibited changes from 0.02 to 
2.83 bars (Table 5). 
    Fig. 11 shows the combined coseismic and postseismic Coulomb stress changes. 
All the earthquakes fell within stress triggering zones and were thus likely brought 
closer to failure. This observation can be quantitatively examined as follows. The 
large coseismic Coulomb stress change of ~0.34 bars at the hypocenter of the 2008 
Wenchuan earthquake caused this event (which exhibited –0.03 bars of postseismic 
Coulomb stress change) to still lie in the stress triggering zone with a compounded 
Coulomb stress change of 0.31 bars (Table 5). The 2014 Kangding earthquake 
exhibited the largest change (10.38 bars) and the 2001 Kokoxili earthquake exhibited 
the smallest change (0.14bars) (Table 5). 
5. Discussion 
Coseismic, postseismic and interseismic Coulomb stress changes are three 
typical types of Coulomb stress changes that have been pervasively linked to 
earthquake occurrence (e.g., King et al., 1994; Deng and Sykes, 1997; Nalbant et al., 
2013), seismicity burst and quietness (e.g., Stein, 1999; Parsons, 2002; Green et al., 
2015) and stress transfer among major faults (e.g., Parsons et al., 2008; Nalbant and 
McCloskey, 2011). Quantitatively computing these three types of Coulomb stress 
changes allowed us to systematically investigate the triggering effects of a recent 
large earthquake sequence along the periphery of the Bayan Har block. 
Although some studies (e.g., Parson et al., 2008; Toda et al., 2008; Shan et al, 
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2009, 2013; Luo and Liu, 2010; Cheng et al., 2011; Nalbant and McCloskey, 2011; 
Jia et al., 2012; Fang et al., 2015) have examined Coulomb stress changes from some 
large earthquakes of the Manyi-Kangding sequence, we expanded on these previous 
studies by considering more recent earthquakes, and we computed the interseismic 
Coulomb stress changes at each hypocenter of the earthquake sequence by using our 
developed explicit least-squares collocation method. Additionally, we considered 
triggering effects on the earthquake sequence from large surrounding earthquakes 
from 1411 to 2012, which were rarely comprehensively considered in previous 
studies. Our understanding on the causal linkages between the recent earthquake 
sequences and Coulomb stress transfer has been deepened through these 
improvements. 
5.1 Importance of considering large surrounding earthquakes 
   Considering large surrounding earthquakes is very important. When only 
examining the triggering effects from earthquakes within the Manyi-Kangding 
sequence, we recognize that the compounded coseismic and postseismic Coulomb 
stress changes were insignificant, except for the 2013 Lushan earthquake, for which 
the compounded Coulomb stress change was approximately 0.14 bars (Table 4). This 
result is consistent with the measured Coulomb stress changes from previous studies, 
which ranged from approximately 0.04 bars to 0.5 bars (Table S4). However, when 
considering large surrounding earthquakes as well, all the earthquakes in the 
Manyi-Kangding sequence exhibited positive coseismic Coulomb stress changes 
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ranging from 0.04 bars to 7.55 bars; Six out of the eight earthquakes are influenced by 
coseismic Coulomb stress changes that were significantly larger than 0.1 bars, one by 
a change of approximately 0.1 bars and the remaining event by a change of 0.04 bars 
(Table 5). Coulomb stress change as small as 0.1 bars are commonly assumed to be 
related to the earthquake stress triggering (Harris, 1998; Stein, 1999), so the much 
larger coseismic Coulomb stress changes from the surrounding earthquakes in this 
study increased the likelihood of bringing most of the earthquakes in the 
Manyi-Kangding sequence closer to failure.  
    The situations of the aforementioned coseismic Coulomb stress changes alters 
slightly when further considering postseismic Coulomb stress changes from 
surrounding earthquakes. The 2008 Wenchuan earthquake was imposed by a negative 
postseismic Coulomb stress change of –0.03 bars (Table 5), which agrees with the 
value of approximately –0.05 bars by Nalbant and McCloskey (2011). On the other 
hand, their compounded Coulomb stress change of coseismic and postseismic 
Coulomb stress changes ranged from –0.009 bars to –0.052 bars, which was smaller 
than the absolute values by Shan et al. (2013) (–0.13 to –0.2 bars). Nonetheless, our 
measured result was 0.31 bars (Table 5), which was plausibly attributed to the effects 
by all the surrounding earthquakes. 
When summing the coseismic and postseismic Coulomb stress changes from 
both the internal earthquakes of the Manyi-Kangding sequence and other surrounding 
earthquakes, the net Coulomb stress changes are all positive, ranging from 0.14 bars 
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to 10.4 bars (Table 5), which was primarily influenced by coseismic and postseismic 
changes from surrounding earthquakes. The internal triggering effects were generally 
insignificant, except for the 2013 Lushan earthquake. This earthquake exhibited 
compounded coseismic and postseismic Coulomb stress changes of 0.13 bars from the 
2008 Wenchuan earthquake, which was comparable to the value of 0.25 bars from the 
surrounding earthquakes in terms of its order of magnitude. 
The above results indicate the necessity of performing comprehensive Coulomb 
stress analyses by considering a large group of earthquakes, especially when assessing 
the likelihood of potential hazardous earthquakes in the vicinity of major active faults. 
Otherwise, spurious warnings for potential earthquakes would mislead policy makers 
and communities during the preparation of prevention and mitigation of future 
earthquake hazards when using Coulomb stress maps with incomplete Coulomb stress 
changes. 
5.2 Role of distance in Coulomb stress triggering  
Significant coseismic Coulomb stress changes depend on three factors: (1) the 
magnitude of the source fault, (2) the distance between the source fault and receiver 
fault, and (3) the appropriate alignment between the source and receiver faults. 
Significant postseismic Coulomb stress changes, on the other hand, also depend on 
the viscoelastic structure of the Earth. For a certain event magnitude of a source fault 
in a given study region, the distance within which Coulomb stress changes are still 
significant generally plays a much more important role, especially for coseismic 
Coulomb stress changes (Figs. 12 and 13). 
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Fig. 12 shows that four out of the eight earthquakes in the Manyi-Kangding 
sequence exhibited the largest Coulomb stress changes from their nearby earthquakes 
(snapshots (a), (d), (f), and (h)). The other four earthquakes were predominantly 
influenced by very large surrounding earthquakes (snapshots (b), (c), (e), and (g)), 
mainly because earthquakes with very large magnitude can transmit coseismic 
Coulomb stress changes much farther and accordingly compensate for the fast 
decaying of coseismic Coulomb stress changes. In contrast, only two earthquakes in 
Fig. 13 were imposed heavily by neighboring earthquakes (snapshots (a) and (h)). The 
other six earthquakes were intensively influenced by very large surrounding 
earthquakes (snapshots (b) to (g)). Nonetheless, some additional surrounding 
earthquakes also induced postseismic Coulomb stress changes that were no smaller 
than 0.01 bars.  
The common feature of Fig. 12 and Fig. 13 is that relatively significant 
earthquakes swarmed in the vicinity of each earthquake from the Manyi-Kangding 
sequence, which indicates the importance of separation distance in determining 
pronounced triggering effects among pairs of earthquakes, although whether the 
receiver fault is optimally-oriented relative to the source fault is also important (King 
et al., 1994; Mallman and Zoback, 2007; Xu et al., 2010). 
Some previous studies also verified the essential role of separation distance 
between pairs of earthquake events. For instance, Chery et al. (2001) found significant 
postseismic Coulomb stress change from 0.1 to 0.9 bars for a separation distance of 
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approximately 400 km in Mongolia because of the viscoelastic relaxation of lower 
crust and upper mantle, which contrasted the negligible coseismic Coulomb stress 
change of ~0.001 bars from prior earthquakes. Pollitz et al. (2003) also found that that 
the postseismic Coulomb stress change was predominant for a longer earthquake 
sequence with a separation distance from 100 to 400 km in the same tectonic region, 
whereas the coseismic Coulomb stress change was negligible. 
On the other hand, coseismic and postseismic Coulomb stress changes can be 
comparable to each other over shorter distance. For example, Parsons and Dreger 
(2001) studied the stress triggering between the 1992 Landers and 2001 Hector Mine 
earthquakes, which were separated by only 20 km, and identified that the latter 
earthquake exhibited 0.5 bars of coseismic Coulomb stress change. Meanwhile, Freed 
and Lin (2001) found positive postseismic Coulomb stress changes from 1 to 2 bars at 
this location and Zeng (2001) resolved postseismic Coulomb stress increases that 
exceeded 1 bars. 
    Whether a mainshock induces significant triggering effects on other earthquakes 
depends upon complex factors, but considering large surrounding mainshocks is vital 
for Coulomb stress analysis. 
5.3 Possible triggering effects of afterslip, poroelastic rebound and dynamic stress  
5.3.1 Afterslip and poroelastic rebound 
We modeled the coseismic and postseismic Coulomb stress changes by using a 
coseismic dislocation model and a postseismic viscoelastic relaxation model, 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 30 
respectively. Both models require coseismic slip distributions of seismogenic source 
faults. Most of the coseismic slip distributions that we used here were inverted by 
using modern geodetic data spanning before and after each strong earthquakes with 
certain time intervals from previous literatures, so we cannot rule out the possibility 
that some postseismic slip dislocations from afterslip and poroelastic rebound would 
have somewhat contaminated the coseismic slip distributions.  
Nonetheless, such contamination, if it exists, may not significantly modify the 
amount of Coulomb stress change. This is not only because earlier postseismic stress 
redistributions from afterslip and poroelastic rebound are transient and localized (e.g., 
Peltzer et al., 1998; Jónsson et al., 2003), but Coulomb stress changes imparted by 
afterslip and poroelastic rebound can be computed by using the same dislocation 
theory (e.g. Okada, 1992; Wang et al., 2006). Therefore, the accommodation of a 
certain amount of afterslip in coseismic slip models would be feasible.  
Recently, Huang et al. (2014) showed that the effect of poroelastic rebound was 
negligible and that the geodetic moment of the afterslip represented a tiny proportion 
of approximately 5.4%, of that of the mainshock for the 2008 Wenchuan earthquake. 
The postseismic deformations of some other large earthquakes from the studied 
earthquake sequence were also reported to be small and localized compared to 
coseismic deformations from mainshocks (e.g., Wang et al., 2011; Qu et al., 2013). 
Hence, we do not need to consider the contribution to the ultimate Coulomb stress 
change from afterslip or poroelastic rebound. 
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5.3.2 Dynamic stress triggering  
 Dynamic Coulomb stress changes would have altered the stress state at each 
hypocenter of the strong earthquake sequence along the periphery of the Bayan Har 
block. Although dynamic Coulomb stress changes can result in both near-field and 
remote earthquake triggering after the passage of seismic surface waves (e.g., Kilb et 
al., 2002; Peng et al., 2011; Pollitz et al., 2012; Johnson and Burgmann, 2016), this 
process is transient and would be substantial in a time scale from seconds to days. 
Therefore, this type of Coulomb stress change is not likely to be responsible for the 
occurrence of the strong earthquake sequence that we studied, of which the 
earthquakes generally occupied time intervals of years. 
5.4 Sensitivity of Coulomb stress changes to the empirical coefficients 
    The more complex equation (4) is referred to as the isotropic poroelastic model, 
while the simpler equation (5) is the constant apparent friction model (Feuillet et al., 
2004; Feuillet, 2013). Their difference is that the former depends on two empirical 
coefficients, namely, the friction coefficient and Skemptons’ coefficient, whereas the 
latter nominally depends on one apparent friction coefficient by incorporating both 
aforementioned coefficients.  
The constant apparent friction model is pervasively employed in the realm of 
Coulomb stress analysis (e.g., King et al., 1994; Harris et al. 1998; McCloskey et al., 
2003; Toda et al., 2005; Steacy et al., 2005; Freed et al., 2007; Parsons et al., 2008; 
Toda et al., 2008; Feuillet et al., 2011; Feuillet, 2013; Sumy et al., 2014; Cattania et 
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al., 2014, 2015; Green et al., 2015; Verdecchia and Carena, 2015, 2016). Nevertheless, 
some previous studies claimed that the discrepancy in Coulomb stress changes from 
the two aforementioned models was significant (e.g., Beeler et al., 2000; Cocco and 
Rice, 2002). Therefore, we also tested the sensitivity of the Coulomb stress changes to 
both the empirical coefficients and the two models. We tested the variations in the 
Coulomb stress changes with the apparent friction coefficients from 0.2 to 0.8 and a 
friction coefficient and the Skempton’s coefficient of both 0.7 following Nalbant and 
McCloskey (2011). 
Fig. 14 shows that the coseismic and postseismic Coulomb stress changes at the 
hypocenters of the 2010 Yushu and 2014 Kangding earthquakes were relatively more 
sensitive to the apparent friction coefficient and to the choice of the isotropic 
poroelastic model. At the 2010 Yushu hypocenter, both the coseismic and postseismic 
Coulomb stress changes varied by approximately 0.8 bars. At the 2014 Kangding 
hypocenter, the coseismic Coulomb stress changes fluctuated by 5.5 bars and 
postseismic Coulomb stress changes varied by 2.5 bars. Nonetheless, these variations 
in the Coulomb stress changes merely reflect the lack of current knowledge regarding 
the frictional distribution on the ruptured fault planes and the porosity of the 
underlying host rocks that surround the fault planes, rather than the actual 
uncertainties in these parameters. Thus, these two parameters are usually predefined 
empirically (e.g., King et al., 1994; Toda et al., 2008; Parsons et al., 2008; Steacy et 
al., 2014; Avouac et al., 2014; Green et al., 2015). 
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Summing the coseismic and postseismic Coulomb stress changes from the 
Manyi-Kangding sequence and large surrounding earthquakes, indicated that the 
compounded Coulomb stress changes at the hypocenter of each earthquake event 
from the Manyi-Kangding sequence ranged from 0.1 bars to 15 bars. This result 
indicates that each earthquake event was brought closer to failure regardless of the 
choice of the apparent coefficient for the constant apparent friction model. 
Additionally, the isotropic poroelastic model produced compounded Coulomb stress 
changes from 0.1 to 11.7 bars, except for the 1997 Manyi earthquake which exhibited 
–0.08 bars (Table 6). Table 6 shows that the compounded Coulomb stress changes 
when using an apparent friction coefficient of 0.4, averaging the compounded 
Coulomb stress changes and employing the isotropic poroelastic model. Generally, 
the compounded Coulomb stress change at each hypocenter did not vary significantly. 
Therefore, applying the constant apparent friction model to our case study was also 
feasible. 
Some previous studies suggested an apparent friction coefficient as low as 0.2 
for matured and repeatedly ruptured faults with more cumulative slips and a 
coefficient as high as 0.8 for young minor faults (e.g., Parsons et al., 1999; Nalbant et 
al., 2006). Nonetheless, such suggestions are based on conventional recognition rather 
than rigorous field experiments because of the paucity of the current comprehensive 
knowledge on this parameter. Therefore, this coefficient is one of the most empirical 
parameter of the Coulomb failure model (Wang et al., 2014b). An intermediate value 
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of 0.4, which was proposed by King et al. (1994) and many others, could indeed 
minimize our knowledge gap for this parameter. Alternatively, considering failure 
criteria other than the Coulomb failure criterion could allow us to bypass the choice of 
this parameter and the Skempton’s coefficient for future earthquake stress triggering 
analysis.  
6. Conclusions 
Eight strong earthquakes sequentially occurred along the periphery of the Bayan 
Har block on the northern Tibetan Plateau from 1997 to 2014. This sequence 
influenced us to probe the triggering effects on this Manyi-Kangding sequence. A 
systematical investigation on the coseismic, postseismic and interseismic Coulomb 
stress changes that were induced by this strong earthquake sequence, showed that the 
triggering effects within the Manyi-Kangding sequence were insignificant, except for 
the 2013 Lushan earthquake. This exception is primarily attributed to its proximity to 
the 2008 Wenchuan earthquake, which imparted up to 0.13 bars at the hypocenter of 
the 2013 Lushan earthquake. Interseismic Coulomb stress changes always continue 
loading each hypocenter. On the other hand, all eight earthquakes in this sequence 
were imposed by significant compounded positive Coulomb stress changes when 
further considering the effects of surrounding prior large earthquakes on the 
Manyi-Kangding sequence, ranging from a minimum increment of 0.14 bars for the 
2001 Kokoxili earthquake to a maximum increment of 10.43 bars for the 2014 
Kangding earthquake. Thus, all these events can be well explained by coseismic and 
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postseismic Coulomb stress transfer primarily from surrounding earthquakes. Our 
findings indicate that the necessity of performing comprehensive Coulomb stress 
change analysis by considering a broader group of neighboring large earthquakes. 
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Table 1 Occurrence times, hypocenters and focal mechanisms of the eight strong 
earthquakes.  
 
♀)Nodal plane 1 is considered to be a receiver fault, and all data are from the Global    
 CMT webpage (http://www.globalcmt.org). 
  
 
Event time 
Epicenter Depth 
 
（km） 
Focal mechanism Seismic 
moment 
（N·m） 
Lat. 
（°） 
Lon. 
（°） 
Plane1♀ 
（°） 
Plane 2 
（°） 
1997/11/08 35.33 86.96 16.4 79/69/2 348/88/159 2.23e+20 
2001/11/14 35.80 92.91 15.0 94/61/-12 190/80/-150 5.90e+20 
2008/03/20 35.43 81.37 12.0 203/52/-74 358/41/-110 5.43e+19 
2008/05/12 31.44 104.10 12.8 231/35/138 357/68/63 8.97e+20 
2010/04/13 33.05 96.79 15.7 300/88/23 210/67/178 2.53e+19 
2013/04/20 30.22 103.12 21.9 212/42/100 19/49/81 1.02e+19 
2014/02/12 36.22 82.57 18.3 242/86/-5 332/85/-176 2.87e+19 
2014/11/22 30.24 101.78 24.6 143/85/-1 233/89/-175 1.90e+18 
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Table 2  Coseismic Coulomb stress changes induced by preceding earthquakes at the 
hypocenter of each subsequent earthquake for the Manyi-Kangding sequencea (unit: 
bars). 
 
Event 1997 2001 2008Y 2008W 2010 2013 2014Y Total 
2001 0.002632       0.002632 
2008Y -0.007921 0.001390      -0.006531 
2008W 0.000140 0.000733 0.000013     0.000886 
2010 0.000528 -0.010542 0.000031 -0.004276    -0.014259 
2013 0.000177 0.001062 0.000012 0.088132 -0.000038   0.089345 
2014Y -0.020325 0.001480 0.034482 0.000411 0.000029 -0.000008  0.016069 
2014K 0.000184 0.001239 0.000019 0.035304 0.000091 0.004555 0.000012 0.041404 
a) The earthquake sequence consists of the 1997 Manyi, 2001 Kokoxili, 2008 Yutian, 
2008 Wenchuan, 2010 Yushu, 2013 Lushan, 2014 Yutian and 2014 Kangding 
earthquakes, which are abbreviated as 1997, 2001, 2008Y, 2008W, 2010, 2013, 2014Y, 
and 2014K, respectively. Hereinafter, all abbreviations of the event names are the 
same as adopted here. 
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Table 3  Postseismic Coulomb stress changes that were induced by preceding 
earthquakes at the hypocenter of each subsequent earthquake for the earthquake 
sequence (unit: bars). 
 
Event 1997 2001 2008Y 2008W 2010 2013 2014Y Total 
2001 -0.001145       -0.001145 
2008Y -0.001854 -0.000211      -0.002065 
2008W 0.000183 0.000250 0.000005     0.000438 
2010 -0.000820 -0.008734 0.000006 0.001069    -0.008479 
2013 0.001481 0.005095 -0.000057 0.042004 -0.000018   0.048505 
2014Y -0.001189 -0.002268 0.011702 -0.000532 -0.000002 0.000019  0.007730 
2014K 0.000205 -0.000959 -0.000028 0.006909 -0.000041 0.002215 -0.000037 0.008264 
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Table 4 Net Coulomb stress changes of the combined coseismic, postseismic and 
interseismic Coulomb stress changesa (unit: bars). 
 
Event Co-CFS Post-CFS Co+Post-CFS Inter-CFS Net-CFS 
2001 0.002632 -0.001145 0.001487 0.059224 0.060711 
2008Y -0.006531 -0.002065 -0.008596 0.041254 0.032658 
2008W 0.000886 0.000438 0.001324 0.028958 0.030282 
2010 -0.014259 -0.008479 -0.022738 0.134855 0.112117 
2013 0.089345 0.048505 0.137850 0.060677 0.198527 
2014Y 0.016069 0.007730 0.023799 0.098518 0.122317 
2014K 0.041404 0.008264 0.049668 0.289172 0.338840 
a) Co-CFS, Post-CFS and Inter-CFS denote the coseismic, postseismic and 
interseismic Coulomb stress changes, respectively. Co+Post-CFS represents the 
combined coseismic and postseismic Coulomb stress changes. Net-CFS indicates 
the combined coseismic, postseismic and interseismic Coulomb stress changes. 
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Table 5. Statistics of the Coulomb stress changes at each hypocenter of the 
earthquake sequence. 
CFS
a
 1997 2001 2008Y 2008W 2010 2013 2014Y 2014K 
co
priorCFS  0.162735 0.041590 0.121135 0.337166 0.624948 0.091838 0.311260 7.554943 
post
priorCFS  0.024195 0.095592 0.160526 -0.027922 0.096224 0.158268 0.145464 2.827521 
comb
priorCFS  
0.186930 0.137182 0.281661 0.309244 0.721172 0.250106 0.456724 10.382464 
comb
sequeCFS  
0 0.001487 -0.008596 0.001324 -0.022738 0.137850 0.023799 0.049668 
comb
prseqCFS  0.186930 0.138669 0.273065 0.310568 0.698434 0.387956 0.480523 10.432132 
a) copriorCFS indicates the accumulated coseismic Coulomb stress changes imparted 
by prior earthquakes as shown in Figure 3. postpriorCFS  indicates the accumulated 
postseismic Coulomb stress changes imparted by prior earthquakes as shown in 
Figure 3. combpriorCFS
 
is the summation of copriorCFS  and 
post
priorCFS . 
comb
sequeCFS
indicates the compounded coseismc and postseismic Coulomb stress changes aroused 
by each earthquake of the Manyi-Kangding sequence as shown in Figure 3. 
comb
prseqCFS
 
is the summation of combpriorCFS  and 
comb
sequeCFS .  For 
comb
sequeCFS  , the 
starting time of the 1997 ~ 2014 Manyi-Kangding sequence was the occurrence time 
of the 1997 Manyi earthquake, so no Coulomb stress changes were received from 
other earthquakes in the sequence at this time. 
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Table 6. Compounded coseismic and postsesimic Coulomb stress changes (unit: bars) 
from surrounding earthquakes based on the constant apparent friction model, with the 
apparent friction coefficients of 0.4 and 0.5 (the latter corresponds to averaging the 
constant apparent friction model), and on the isotropic poroelastic model, with the 
friction and Skempton’s coefficients both equaling 0.7 following Nalbant and 
McCloskey (2011). The abbreviations in the first row of this table are the same as in 
Table 2.   
Coefficients 1997 2001 2008Y 2008W 2010 2013 2014Y 2014K 
0.4   0.186930 0.137182 0.281661 0.309244 0.721172 0.250106 0.456724 10.382464 
0.5   0.211518 0.156146 0.307560 0.326473 0.991866 0.254875 0.547730 11.573719 
0.7 0.7B   
 
-0.081134 0.108239 0.216540 0.262051 0.852313 0.132030 0.565165 11.746167 
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Fig. 1. Seismogenic tectonic region that is associated with eight recent strong 
earthquakes. The red beachballs are the eight typical Mw > 6.0 strong mainshocks 
from 1997 to 2014 along the periphery of the Bayan Har block. The cyan beachballs 
are other focal mechanisms from 1976/1/1 to 2014/11/22 (Table S1). All the focal 
mechanisms are from the global CMT webpage (http://www.globalcmt.org/). The 
pink stars represent large earthquakes from 1411 to 2012 (Table S3). The thick black 
lines delineate the major active faults on the Tibetan Plateau (Wu et al., 2014; Jiang et 
al., 2015b). The thin black lines are also active faults, and the thick dashed lines are 
geological sutures from the ‘HimaTibetMap’ database (Taylor and Yin, 2009; Styron 
et al., 2010). The bold black arrows denote plate and block velocities (Wu et al., 
2014). The small red rectangles indicate some cities and counties. 
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Fig. 2. Coseismic Coulomb stress changes induced by earthquake events from 
1976/1/1 to 2014/11/22 with magnitudes M≥6 and hypocenter depths shallower than 
50 km from gCMT. These events are assumed to be point sources. The Coulomb 
stress changes are resolved on the average focal plane of these earthquake events, 
with the strike, dip and rake angles being 180, 58 and 7, respectively, at an average 
depth of 17.5 km. The red beachballs are the focal mechanisms of the recent typical 
large earthquake sequence along the periphery of the Bayan Har block. The small 
black open circles delineate epicenters of the gCMT events. Each number next to the 
open circles is the sequential number of each gCMT event (Table S1). The green 
contours indicate Coulomb stress changes of –0.1 bars and 0.1 bars. These contours 
depict the effective range of the Coulomb stress changes, beyond which the Coulomb 
stress change is assumed to be too small to trigger other earthquakes. The black solid 
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and dashed lines are major faults and sutures (Taylor and Yin, 2009; Styron et al., 
2010). 
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Fig. 3. Prior M≥6 large earthquakes (blue stars) around the Manyi-Kangding 
sequence (red stars). Above each star is the occurrence time of the corresponding 
earthquake event with the magnitude inside brackets. The gray solid and dashed lines 
are major faults and sutures (Taylor and Yin, 2009; Styron et al., 2010). 
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Fig. 4. Earth’s velocity and density models from Crust 2.0. (a) Vertical profile of the P 
and S wave velocities at each epicenter of these strong earthquakes. The bold blue 
dashed and red lines denote the average S and P wave velocities, respectively. (b) 
Vertical profile of the density at each hypocenter of these strong earthquakes. The  
bold spring green line shows the average density. 
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Fig. 5. Spatial pattern of coseismic Coulomb stress changes from preceding 
mainshocks on the fault plane of each subsequent mainshock for the Manyi-Kangding 
sequence. Coulomb stress changes induced by the preceding earthquakes on the 
receiver fault of (a) the 2001 Kokoxili earthquake, (b) the 2008 Yutian earthquake, (c) 
the 2008 Wenchuan earthquake, (d) the 2010 Yushu earthquakes, (e) the 2013 Lushan 
earthquake, (f) the 2014 Lushan earthquake, and (g) the 2014 Kangding earthquake. 
The red beachballs are the preceding mainshocks, and the blue beachballs are the 
targeted receiver fault planes to each earthquake for each snapshot. The Coulomb 
stress changes in each snapshot are resolved onto these receiver faults at their 
hypocenter depths of 15.0 km, 12.0 km, 12.8 km, 15.7 km, 21.9 km, 18.3 km and 24.6 
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km (Table 1), respectively. If no special illustrations are shown, hereinafter, receiver 
faults and sampling depths are the same as used here. 
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Fig. 6. Same as Figure 5, but for postseismic Coulomb stress changes. 
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Fig. 7. Same as Figure 5, but for interseismic Coulomb stress changes. (a) This 
snapshot shows the stress loading from 1997 to 2001, which was resolved on the 
receiver fault of the 2001 Kokoxili earthquake; (b) from 1997 to 2008 on the 2008 
Yutian earthquake; (c) from 1997 to 2008 on the 2008 Wenchuan earthquake; (d) from 
1997 to 2010 on the 2010 Yushu earthquake; (e) from 1997 to 2013 on the 2013 
Lushan earthquake; (f) from 1997 to 2014 on the 2014 Yutian earthquake; and (g) 
from 1997 to 2014 on the 2014 Kangding earthquake. 
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Fig. 8. Same as Figure 5, but for the net Coulomb stress changes. These Coulomb 
stress changes are the summation of the coseismic (Figure 5), postseismic (Figure 6), 
and interseismic (Figure 7) Coulomb stress changes. 
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Fig. 9. Same as Figure 5, but for the coseismic Coulomb stress changes that were 
imparted by large surrounding earthquakes, which are shown in Figure 3. 
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Fig. 10. Same as Figure 9, but for the postseismic Coulomb stress changes. 
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Fig. 11. Same as Figure 9, but for the combined coseismic and postseismic Coulomb 
stress changes. 
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Fig. 12. Spatial patterns of the hypocenters (blue stars) of surrounding earthquakes 
that imparted coseismic Coulomb stress changes, of which the absolute values are not 
smaller than 0.01 bars at the hypocenter (red stars) of each earthquake from the 
Manyi-Kangding earthquake. The gray stars delineate the surrounding earthquakes 
that induced coseismic Coulomb stress changes that were less than 0.01 bars. a) The 
text of ‘1973(7.0,0.15)’ marks the 1973 M 7.0 earthquake (the blue star edged in 
green), which caused the largest coseismic Coulomb stress change (0.15 bars) at the 
hypocenter of the 1997 Manyi earthquake; b) ‘1950(8.6,0.02)’ marks the 2001 
Kokoxili earthquakes; c) ‘1902(8.6, 0.08)’ marks the 2008 Yutian earthquake; d) 
‘1933(7.5,0.35)’ marks the 2008 Wenchuan earthquake; e) ‘1950(8.6,0.63)’ marks the 
2010 Yushu earthquake; f) ‘1786(7.7,0.18)’ marks the 2013 Lushan earthquake; g) 
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‘1902(8.6,0.16)’ marks the 2014 Yutian earthquake; and h) ‘1955(7.5,2.82)’ marks 
the 2014 Kangding earthquake. 
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Fig. 13. Same as Figure 12, but for the postseismic Coulomb stress changes. 
  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 76 
 
 
Fig. 14. Sensitivity of (a) coseismic and (b) postseismic Coulomb stress changes to 
the apparent friction coefficient   for the constant apparent friction model 
(equation (5)) and to the friction coefficient   and the Skempton’s coefficient B  
for the isotropic poroelastic model (equation (6)). For clarity, the coseismic and 
postseismic Coulomb stress changes at the hypocenter of the 2014 Kangding 
earthquake (deep-green hexagons) were subtracted by 8 bars and 3.4 bars, 
respectively. The upper and lower horizontal dashed lines represent Coulomb stress 
change of 0.1 bars and –0.1 bars, respectively. 
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Key Points 
 
 Probing Coulomb stress triggering effects for the Manyi-Kangding sequence 
 Deriving spherical least-squares collocation model for assessing interseismic stress 
 The Manyi-Kangding sequence explained by compounded Coulomb stress 
changes  
